These results demonstrated that hypoxia alone is not a stimulus to PAEC proliferation in vivo and in vitro. The present study provides a novel role for PAECs in hypoxia-induced pulmonary hypertension and vascular remodeling.
Introduction
Pulmonary hypertension is characterized by structural changes in the pulmonary vasculature involving increased wall thickness of pulmonary arterioles due to hypertrophy and/or hyperplasia of pulmonary artery smooth muscle cells (PASMCs) [1, 2] . Besides PASMCs, pulmonary artery endothelial cells (PAECs) in the intima are also involved in the development of pulmonary hypertension. For example, proliferation of PAECs is observed in the plexiform lesion, a complex pathological vascular structure seen in the late stage of pulmonary hypertension [1] . In addition, dysfunction of PAECs has been observed in pulmonary hypertension in several studies [3] [4] [5] [6] [7] [8] [9] [10] [11] and investigators recently have shown that endothelial progenitor cells were beneficial in treatment of pulmonary hypertension [9, [12] [13] [14] [15] [16] [17] [18] . Therefore, PAECs have been suggested to play an important role in pulmonary hypertension and vascular remodeling.
Hypoxia is often an important factor in the pathogenesis of pulmonary hypertension and pulmonary remodeling. Actual hypoxia causes pulmonary vasoconstriction, in turn chronic hypoxia results in vascular remodeling with pulmonary artery cell proliferation and hypertrophy [1, 2] . The hypoxia model of pulmonary hypertension in rodents is the most common animal model widely used for pulmonary hypertension research [1, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Because significant proliferation and hypertrophy of PASMCs has been observed in different animal models, the relationship between hypoxia and PASMC proliferation has been widely studied [21, 22, 29] . There is little published information about the effect of hypoxia on PAEC proliferation [29] , although hypoxia affects endothelial physiology [30] . A few studies have been done on hypoxia and proliferation of pulmonary artery cells [29, 31, 32] , but the results were not consistent. Tucci et al. [31] investigated the effect of hypoxia on bovine PAECs and found a decrease in PAEC proliferation after 5 days of exposure to 0% oxygen and a decrease in DNA synthesis after exposure to 0% O 2 for 24 and 48 h. There was an increase in cell cycle progression in the PAECs exposed to 3% O 2 . Toby et al. [32] found that 1% oxygen significantly induced proliferation of human pulmonary micro vascular endothelial cells during 5 days of incubation. Therefore, the exact effect of hypoxia on PAEC proliferation is still poorly understood.
In order to better understand the influence of hypoxia on PAECs, we investigated PAEC proliferation by using a mouse and rat model of hypoxia-induced pulmonary hypertension and vascular remodeling. We also investigated proliferation and cell cycle progression of human PAECs in vitro. To compare the effect of hypoxia on other pulmonary artery cells, we investigated human PASMC and PAF proliferation at the same oxygen conditions. We hypothesized that hypoxia would be a stimulus to PAEC proliferation.
Materials and Methods

In vivo Study
Animals Animal experiments were approved by the Subcommittee on Research Animal Care at Massachusetts General Hospital. Male C57BL/6 mice, 8-10 weeks old, were obtained from Jackson Laboratory (Bar Harbor, Me., USA). Male Sprague-Dawley rats, weighing 150-200 g, were obtained from Charles River Laboratories (Wilmington, Mass., USA). Mice and rats were placed in separate hypoxic chambers or exposed to normoxia for 2 weeks. Oxygen concentration was maintained at 10% by controlling the flow rates of compressed air and nitrogen [20] [21] [22] . Cage concentration of O 2 was checked daily. The cages were opened once a day for 10 min to reduce CO 2 concentration.
Hemodynamic Measurement After 14 days in the hypoxia chamber, the animals were removed and anesthetized with ketamine (80 mg/kg) and diazapam (5 mg/kg) for measurement of pulmonary hemodynamics as we published previously [21, 22] . Right ventricular peak systolic pressure for mice and mean pulmonary artery pressure for rats were measured. Subsequently the animals were sacrificed with 200 mg/kg of intraperitoneal pentobarbital and used immediately for the determination of right ventricular hypertrophy, hematocrit and lung pathology.
Pathological Evaluation
Right ventricular hypertrophy was measured as the ratio of right ventricular weight to left ventricular plus septal weight [21, 22] . Pulmonary vascular remodeling was assessed by measuring percent wall thickness of the pulmonary arterioles. A computer imaging analysis system was applied for this measurement. Images of individual pulmonary arterioles were captured using a digital camera mounted on a light microscope and linked to a computer. Wall thickness was measured as described previously [21, 22] .
PAEC Proliferation Analysis
Ki67 expression was used to evaluate PAEC proliferation in vivo. Anti-Ki67 antibody (rabbit polyclonal, dilution 1: 25) was obtained from Abcam Inc. (Cambridge, Mass., USA). Immunohistochemical staining of paraffin sections of lung tissue was performed with a labeled (strept)avidin-biotin detection kit (Histo stain-plus kit; Zymed Laboratory Inc., South San Francisco, Calif., USA) following the manufacturer's protocol [21, 22] . The slides were counterstained with hematoxylin. Control slides were treated identically, but without the primary antibody. The identification of positive cellular status was determined by a blinded pathologist using Ki67 nuclear staining resulting in brown color. The percentage of Ki67-positive cells was estimated by calculating the ratio of Ki67-expressing cell nuclei to the total number of cell nuclei in the wall of terminal pulmonary bronchial arterioles and in intra-acinous arterioles. At least 10 vessels from each slide were counted and 10 animals for each group were used in this study. Cell Culture and Hypoxia Exposure HPAECs, HPASMCs and HPAFs were separately plated in 12-well cell culture plates at 1 ! 10 4 cells per well, allowed to grow for 24 h, and growth arrested with serum-free media for another 24 h in a regular CO 2 incubator. Following growth arrest, the media were then changed to standard media and then the cells were placed into the hypoxia chamber. After exposure to hypoxia for 24 h, the cells were harvested for cell proliferation assay and cell cycle analysis.
In vitro Study
Cell Proliferation Assay
We assayed cell proliferation by using direct cell count and 5-bromo-2 deoxyuridine (BrdU) incorporation assay. Direct cell count followed growth of the human PAECs in regular media for 24 h and growth arrest with serum-free media for another 24 h, the cell numbers were assessed by directly counting the number of cells with a hemocytometer under a light microscope. Percent growth of the cells was calculated as: (cell number in treatment group/cell number in control group) ! 100 [16] . For BrdU incorporation assay, human PAECs were seeded on chamber slides. After growth in regular media for 24 h and growth arrest with serum-free media for another 24 h, the media was changed to regular media and BrdU (10 ng/ml; Sigma; St. Louis, Mo., USA) was added to the media. Then the cells were incubated in the hypoxia chamber for 24 h. After hypoxia exposure, the cells were washed, fixated and then stained with the BrdU antibody by using a BrdU staining kit (Invitrogen, Carlsbad, Calif., USA) following the manufacturer's instruction. BrdU-positive nuclei number and total nucleated cells were counted. Cell proliferation capacity was shown as a percentage of BrdU-positive nuclei over total nucleated cells.
Cell Cycle Analysis Cell cycle was analyzed using flow cytometry. After harvesting the cells, pellets of the cells were obtained by centrifugation. Following removal of the media, the pellets were resuspended with 10 l of PBS, 1 ml of 70% ethanol was added followed by centrifuging and washing with cold PBS. The cells were then resuspended in 20 g/ml of propidium iodide/PBS with 1 mg/ml of RNase. After incubating for 15 min at room temperature, the samples were run on 7 Laser SORP BD LSR II. Data were collected with DIVA software on LSR II and analyzed with FlowJo v8.8.6.
Cell Migration Assay
The wound healing assay was used to analyze cell migration following previously published methods [33, 34] . Briefly, HPAECs were seeded at 4 ! 10 6 cells/well on 12-well cell culture plates to allow the cells to grow confluent. On the second day, 3 straight scratches for each well were made with 200-l pipette tip. Wells were then rinsed with PBS, replaced with regular media and then incubated under 2% oxygen for 24 h. Pictures of the scratched wounds were taken at 0 and 24 h. Migration was determined by measurement of the wound width of the scratched gaps.
Statistical Analysis
Statistics were performed using the computer program Statview (SAS Institute Inc., Cary, N.C., USA) with factorial ANOVA. If ANOVA was significant, multiple comparisons were made among groups using the Fisher protected least significant difference test. All values were expressed as the mean 8 SEM. Significance was set at p ! 0.05.
Results
Hypoxia Induced Significant Pulmonary Hypertension and Vascular Remodeling in Mice
After exposure to hypoxia for 2 weeks, the mice developed pulmonary hypertension and vascular remodeling, showing a significant increase in right ventricular systolic pressure, ratio of right ventricular weight to left ventricular plus septal weight and wall thickness of pulmonary arterioles as well as in hematocrit, as compared with normoxia control animals ( fig. 1 ) . The results were consistent with the data that we published previously [20] [21] [22] . 
Hypoxia Did Not Increase PAEC Proliferation in Pulmonary Artery in Mice with Pulmonary Hypertension and Vascular Remodeling
After pulmonary hypertension and vascular remodeling were confirmed, we investigated cell proliferation in the pulmonary arterioles using immunohistochemistry with the cell proliferation marker Ki67. Successful staining of endothelial cells with Ki67 antibody was obtained, which showed Ki67-positive cells with a brown color in the nucleus compared to the negative cells in blue. The PAECs displayed the distinguishing long spindle morphology lining on the very thin inner layer in the lumen of pulmonary arterioles ( fig. 2 a, b) . We counted the number of both Ki67-positive and Ki67-negative endothelial cells in the inner layer and found no increase in the number of Ki67-positive PAECs in pulmonary arterioles in the mice with pulmonary hypertension and vascular remodeling as compared with the normoxia control animals ( fig. 2 c) . Consistent with our previous studies [21, 22] , we found a significant increase in PASMCs in the medial layer of the pulmonary arterioles (data not shown). These data provided convincing histopathological evidence that PAEC growth was not stimulated in mice in vivo under hypoxia.
Hypoxia Did Not Increase PAEC Proliferation in Pulmonary Artery in Rats with Pulmonary Hypertension and Vascular Remodeling
In order to further demonstrate the finding in mice, we used a rat model of hypoxia-induced pulmonary hypertension and vascular remodeling. Interestingly, we also did not observe an increase in PAEC proliferation in the rats with hypoxia-induced pulmonary hypertension and vascular remodeling ( fig. 3 a) , although the rats developed significant pulmonary hypertension and vascular remodeling, with a significantly increased mean pulmonary pressure ( fig. 3 b) , increased right ventricular hypertrophy ( fig. 3 c) , increased wall thickness of pulmonary arterioles ( fig. 3 d) as well as an increase in hematocrit ( fig. 3 e) as compared with normoxia control animals. Once again, a smaller number of Ki67-positive cells was observed in the hypoxic animals as we observed in mice ( fig. 3 a) , although the difference was not significant.
Hypoxia Did Not Stimulate Proliferation and Cell Cycle Progression of Human PAECs in vitro
In order to extend upon the findings from animals, we conducted an in vitro study to investigate cell proliferation and cell cycle progression in PAECs. We used HPAECs and different concentrations of oxygen (1, 2, 3, 5 and 10%) and used 21% oxygen of room air as control. We placed HPAECs in hypoxia chamber for 24 h and then harvested the cells for proliferation assay and cell cycle analysis. The proliferation of HPAECs was not stimulated under any of the concentrations of hypoxia by direct cell count ( fig. 4 a) and by BrdU incorporation assay ( fig. 4 b) . Hypoxia actually slightly decreased the PAEC growth although the change was not significant. Subsequently, we analyzed the cell cycle using flow cytometry and found consistent results with proliferation data, showing a decrease in the ratio of S plus G2/M phase and a slight increase in the ratio of G0/G1 phase ( table 1 ; fig. 4 c) . These results indicated that hypoxia was not a stimulus to HPAEC proliferation and cell cycle progression.
Hypoxia Increased Proliferation and Cell Cycle Progression of PASMCs and PAFs
To verify the hypoxia condition used for PAECs, we simultaneously cultured PAECs, PASMCs and PAFs in the hypoxia chamber by using the same procedures as above. We found that the growth of PASMCs and PAFs was significantly increased at different levels of oxygen concentration and the cell cycle progression was also stimulated significantly ( fig. 5 a, b; tables 2 , 3 ).
Long-Term Hypoxia Exposure Did Not Increase HPAEC Growth
In order to investigate if chronic hypoxia affected PAECs differently from acute hypoxia in vitro, we cultured HPAECs under 2% oxygen for 7 days and found that long-term exposure to hypoxia also did not increase HPAEC proliferation ( fig. 6 ).
Hypoxia Did Not Stimulate PAEC Migration in vitro
We additionally investigated the effect of hypoxia on migration of HPAECs using a wound healing assay. We found that hypoxia significantly inhibited HPAEC migration under hypoxia as compared with normoxia control ( fig. 7 PASMCs and PAFs were cultured in different levels of oxygen for 24 h and then harvested for cell count for growth assay. The results were expressed as relative cell growth in percentage, which was compared with the room air control group. We set the room air control group as 100. PASMCs ( a ) and PAFs ( b ). n = 9 for each group. Quantitative data on cell cycle analysis are shown in tables 2 and 3.
Discussion
In this study, we found that PAECs did not significantly proliferate in pulmonary arterioles ( fig. 2 ) in mice with hypoxia-induced pulmonary hypertension and vascular remodeling ( fig. 1 ) . We found similar results in rats with hypoxia-induced pulmonary hypertension and vascular remodeling, showing no significant PAEC proliferation ( fig. 3 ) . Hypoxia did not stimulate human PAEC growth in vitro ( fig. 4 a, b) and did not promote cell cycle progression in the PAECs ( table 1 ; fig. 3 c) , although significant proliferation and cell cycle progression of PASMCs and PAFs were observed in the same hypoxic condition ( table 2 , 3 ; fig. 5 a, b) . Long-term exposure to hypoxia also did not increase growth activity of PAECs ( fig. 6 ) and PAEC migration was not stimulated under hypoxia ( fig. 7 ) .
Vascular remodeling of pulmonary arterioles is a characteristic morphological change in pulmonary hypertension, which results mainly from proliferation of pulmonary arterial structural cells, including smooth muscle cells, endothelial cells and fibroblasts through complicated mechanisms [1, 2, 35] . In a plexiform lesion of pulmonary hypertension, deregulated growth of endothelial cells has been observed [36] [37] [38] [39] . In an animal model of pulmonary hypertension induced by hypoxia plus vascular endothelial growth factor receptors 1 and 2 inhibitor SU5416, significant proliferation of endothelial cells in pulmonary arterioles was observed [40, 41] . However, there has been no convincing histopathological evidence showing PAEC proliferation in other animal models of pulmonary hypertension, especially hypoxia-induced pulmonary hyperten- 6 . Effect of chronic exposure to hypoxia on in vitro human PAEC proliferation in vitro. PAECS were cultured in 2% oxygen for 7 days and harvested for cell count to assay cell proliferation. The results were expressed as relative cell growth in percentage, which was compared with the normoxia group. We set the normoxia group as 100. n = 9 for each group.
sion and vascular remodeling. Therefore, the effect of hypoxia on PAEC proliferation in vivo has not been clearly delineated. In this study, we investigated PAEC proliferation in vivo using the popular animal model of hypoxiainduced pulmonary hypertension and vascular remodeling in mice and rats. We first investigated the mouse model and found that there was no significant increase in PAEC proliferation in the intima. In fact there was a slight although insignificant decrease in a proliferation marker in the PAECs in mice with pulmonary hypertension and vascular remodeling as compared with normoxic animals, even though the mice developed significant pulmonary hypertension and vascular remodeling after exposure to hypoxia for 2 weeks. We found significantly increased numbers of PASMCs in the medial wall of the hypoxic pulmonary arterioles as we reported previously [21, 22] . To further extend the results in mice, we used a rat model and obtained similar results to the mouse model of pulmonary hypertension, showing no increase in PAEC proliferation in the hypoxic rats with pulmonary hypertension and vascular remodeling. The results from this study firmly demonstrated that there was no PAEC proliferation in a hypoxic model of pulmonary hypertension and vascular remodeling in mice and rats. Interestingly, a recent report from Teng et al. [42] showed a decrease in PAEC proliferation in a lamb model of persistent pulmonary hypertension of the newborn induced by ductus arteriosus ligation. Our study indicates that hypoxia alone is not a stimulus to PAEC proliferation in vivo. Therefore, the expanded PAECs in plexiform lesion in patients with pulmonary hypertension were either altered in their response to hypoxia or their proliferation was not initiated by hypoxia, but by other injurious endothelial factors. Since we did not observe PAEC proliferation in animals with hypoxia-induced pulmonary hypertension and vascular remodeling, we performed an in vitro study to further confirm our findings. We investigated the effect of different levels of oxygen on HPAECs and compared them with HPASMCs and HPAFs using the same conditions. We found that hypoxia did not increase but slightly inhibited the PAEC growth under 1, 2, 3, 5 and 10% oxygen, although significant proliferation of the PASMCs and the PAFs was observed under the same hypoxia levels. Tucci et al. [31] investigated bovine PAEC proliferation in response to hypoxia. They found that the proliferation of bovine PAECs was significantly decreased during 5 days exposure to 0% oxygen, either in the cells previously growing in 21 or 3% O 2 . They also found that a slight decrease in BrdU incorporation in the PAECs exposed to 0% O 2 for either 24 or 48 h. Recently, Toby et al. [32] found that 1% oxygen significantly induced proliferation of human pulmonary micro vessel endothelial cells during 5 days of incubation. Masri et al. [43] reported a significant increase in proliferation in the PAECs isolated from idiopathic pulmonary artery hypertension during 3 days incubation under normoxia as compared with the PAECs from normal controls. Unfortunately, they did not show the effect of hypoxia on the cells. Fantozzi et al. [44] investigated the mechanism by which hypoxia induced PAEC proliferation. They found that activating protein-1 played an important role in a signaling pathway that mediates human PAEC proliferation, but they did not directly show the effect of hypoxia on the PAEC proliferation.
To define the effect of long-term exposure to hypoxia on PAEC proliferation, we cultured HPAECs in 2% oxygen for 7 days. Consistent with the data we obtained from 24 h of exposure to hypoxia, we did not observe increased growth of the HPAECs. Solodushko et al. [45] reported on the influence of hypoxia on pulmonary microvascular endothelial cells (PMVECs) in their study on hypoxia and pulmonary endothelial integrity. They used three different cell lines of PMVECs from human and rat and found that 5% oxygen for 10 days decreased PMVEC proliferation in one cell line from human PMVECs and in one cell line from rat PMVECs, but no significant change in another primary human PMVEC cell line. There was also no increased growth of human and rat PMVECs during 10 days of exposure to hypoxia.
Since we observed that HPAEC proliferation was not stimulated under hypoxia, we wondered if cell cycle progression of the PAECs was affected similarly. To examine the change in cell cycle progression, we conducted flow cytometry to analyze the phases of cell cycle. We also investigated HPASMCs and HPAFs at the same time. Consistently, we found that hypoxia inhibited cell cycle progression in PAECs, but the same condition of hypoxia stimulated cell cycle progression of PASMCs and PAFs. The data showed that the G0/G1 phase was slightly increased and the S phase was significantly decreased in the HPAECs exposed to different levels of hypoxia. Tucci et al. [31] reported that progression through G1 to S transition point and/or progression from S to G2/M was altered with an increased percent of bovine PAECs in S phrase during hypoxia. They found that a decrease in G0/G1 phase and increase in S and G2/M phase in the bovine PAECs exposed to 3% oxygen, although they found that 0% O 2 decreased the bovine PAEC proliferation. However, we did not observe either a decrease in the G0/G1 phase or an increase in S and G2/M phase in HPAECs exposed to different levels of oxygen. Our data also demonstrated that hypoxia was not a stimulus to cell cycle progression of HPAECs.
Migration of pulmonary artery cells is involved in the pathogenesis of pulmonary hypertension, but PAEC migration under hypoxia has not been well studied. Some mechanisms on PAEC and lung endothelial cell migration have been investigated [46, 47] , but those studies did not show the effect of hypoxia on PAECs. Phillips et al. [48] investigated the effect of hypoxia on bovine pulmonary microvessel endothelial cells and found that hypoxia stimulated formation of capillary network in the cells. However, they did not report the effect of hypoxia on the cell migration. In this study, we found that hypoxia exposure did not stimulate but inhibited HPAEC migration. Our results indicate that hypoxia also was not a stimulus to PAEC migration.
Conclusion
Our data from this study showed no significant PAEC proliferation in mice and rats with hypoxia-induced pulmonary hypertension and vascular remodeling, and also showed no significant proliferation and cell cycle progression of human PAECs under hypoxia in vitro. These results demonstrated that hypoxia alone is not a stimulus to PAEC proliferation, which provides new insight into the role of PAECs in hypoxia-induced pulmonary hypertension and vascular remodeling.
